This study revisits whether CO 2 emissions converge in G18 countries over the period of 1950-2013.
Introduction
In order to fight the continuously increasing greenhouse gases emissions, G20 countries seem to be in close collaboration through UNFCC and COP discussions on how to combat the global warming * * Corresponding author: Email: roula.inglesi-lotz@up.ac.za 1 phenomenon in search of optimal and effective energy and environmental strategies. Understanding fully the time series properties and evolution of greenhouse gas emissions and particularly of carbon dioxide CO2 and their geographic distribution will be of high importance for the international climate change negotiations and the global political economy (El-Montasser et al, 2015) . The paper offers answers to that direction by examining whether the CO 2 emissions converge and for which countries. If CO 2 emissions converged, then the policymakers can continue with the same approaches and policy implementations as currently. Otherwise, it means that the policymakers must reduce carbon dioxide emission rigidly according to the difference of emission amount. Policy proposals in these economies must reexamine the existing reducing policies and put forward some reasonable suggestions to obtain sustainable development (Sun et al., 2016) .
To investigate the magnitude of emissions convergence empirically, recently researchers have relied on conventional unit root tests (i.e., ADF, PP and KPSS tests) to assess if shocks to CO 2 emissions are permanent, a feature to be evident against convergence. However, previous studies usually focus on the average converging behavior of CO 2 emissions without considering the influence of various sizes of shocks on CO 2 emissions. In other words, the speed of convergence in CO 2 emissions is usually assumed to be constant, irrespective of the size and direction of the shock.
As a result, the commonly used conventional unit root tests (i.e., ADF, PP and KPSS) possibly lead to a widespread failure in the rejection of unit-root null hypothesis of convergence. This paper intends to deal with this kind of deficiency by employing a more powerful Quantile Unit Root test to 2 enhance its estimation and testing accuracy.
This study contributes to this line of research (Aldy, 2006a; Aldy, 2006b; Barassi et al, 2008; Barassi et al, 2011; Camarero et al, 2011; Chang and Lee, 2008; Huang and Meng, 2013; Jobert et al., 2010; Lee and Chang, 2009; Li et al, 2014; Li and Lin, 2013; McKibbin and Stegman, 2005; Ordas-Criado and Grether, 2011; Panopoulou and Pantelidis, 2009; Romero-Avila, 2008; Strazicich and List, 2003; Sun et al 2016; Westerlund and Basher, 2007; Yavuz and Yilanci, 2013; Zhao et al, 2015) by determining whether CO 2 emissions convergence in G18 countries by using a more powerful Quanitle Unit Root test as proposed by Koenker and Xiao (2004) .
The studies however concerned with emissions convergence could not reach a consensus on its existence. Aldy (2006a) explained, for instance, that no convergence can be concluded when country and time period is extended. Also, Lee and Chang (2008) only some of the OECD countries could confirm convergence while Barassi et al. (2008) concluded that emissions convergence could not be achieved in OECD countries at all. The issue of the speed of convergence is also discussed in the literature with Barassi et al. (2011) showing that the rate is quite slow for 13 out of 18 OECD countries.
Methodology

Convergence Tests
The methodology is rooted in the work of Evans (1998) , who introduces a particular notion of 3 convergence, which implies that the long-run CO 2 gap between any two regions must be stationary. 
A rejection of the null should therefore be taken as evidence in favor of convergence for at least one state, whereas a non-rejection should be taken as evidence of non-convergence for the whole panel.
Quantile Unit Root Test
In line with Koenker and Xiao (2004) 
By estimating Equation (5) 
where ( (1, 2 , 2 ,..., 2 ).
We use the results derived by Koenker and Xiao (2004) to find the critical values of () n t  for different quantile levels. We can estimate
following the rule given in Koenker and Xiao (2004) . Besides, by allowing for asymmetric effects of shocks on real interest rate differential and one of an important advantage of Quantile unit root tests over standard unit root tests is that it has more power (Koenker and Xiao, 2004) .
Data
The per capita CO2 emissions series is derived from the CDIAC (http://cdiac.ornl.gov/CO2
6 Emission/times/national -Carbon Dioxide Information Analysis Center) with the data ending in 2013 for G18 countries (i.e., Argentina, Australia, Brazil, Canada, China, France, Germany, India, Indonesia, Italy, Japan, Mexico, Saudi Arabia, South Africa, South Korea, Turkey, the UK and the US). Due to data availability for G18 countries, that we do not include Russia and the European Union and we start our sample only in 1950. According to United States Environmental Protection
Agency reports (EPA, 2017) that CO2 emission from these G18 countries represented roughly about 84 % of total world CO2 emissions in 2014.
The necessity of using per capita measures in the analysis of CO2 emissions has been emphasized by Aldy (2006a) because per capita basis is a direct measure of human welfare. Also, as mentioned by McKibbin and Stegman (2005) , individual activities such as car use cause greenhouse gases, so it can be assured that a per capita measure is necessary. Figure 1 demonstrates time series plots of per capita CO 2 emissions in these 18 OECD countries further confirm our initial findings. Jarque-Bera statistics indicate that CO 2 emissions are non-normal for most the OECD countries with the exception of Argentina, Brazil, Germany, South Africa, Turkey, the UK and the United States. As pointed by Koenker and Xiao (2004) 
Empirical Results and Policy Implications
Traditional Unit Root Tests
Several univariate time series unit root tests -the ADF test (Dickey and Fuller, 1980) , PP test (Phillips and Perron, 1989) and KPSS tests (Kwiatkowski et al., 1992) -are first employed to examine the null of a unit root for relative per CO 2 emissions for G18 countries. The results of the three univariate unit root tests lead us to conclude that relative per CO 2 emissions of the G18 countries contain unit roots (see Table 1 ). Besides allowing for asymmetric effects of shocks on relative per CO 2 emissions, as we know that one of an important advantage of Quantile unit root tests over standard unit root tests is that they have more power (Koenker and Xiao, 2004) , and hence, be more helpful.
Quantile Unit Root Tests and Policy Implications
Due to the deficiency of conventional unit root tests, in the following we employ a newly developed
Quantile unit root test proposed by Koenker and Xiao (2004) lead to only temporary effects and CO 2 emissions convergence did hold true in these five countries. Empirical results lead us to the conclusion that relative per capita CO 2 emissions did converge in some G18 countries (i.e., Australia, Brazil, Canada, Germany and India). in each country.
The persistence parameter estimates are quite close to one for most of the quantiles considered in France, Saudi Arabia, South Korea and Turkey. The persistent point estimate is slightly above one at the higher tail quantile for Australia, France, Italy, South Korea. To take a closer look at the estimated half-life of a shock and we find that it increases from lower quantile to higher quantile. This means a slower speed of adjustment after a shock in the high quantile level.
On the other hand, we find that the persistent point estimate is slightly lower at the higher tail quantiles for Australia, Brazil, India, Indonesia, Japan, Mexico, South Africa and Turkey and the estimated half-life of a shock. Also, it decreases from lower quantile to higher quantile, meaning a slower speed of adjustment after a shock in the lower quantile level. These results indicate that shocks to relative per capita CO 2 emissions are nonlinear and asymmetric. These results are not shown in previous studies. The asymmetric adjusting speed reveals time-varying persistence perceptions and high market sensitivity in these G18 countries.
It is worth noting that our results here are not consistent with those of Wang and Zhang (2014), , Hao et al., (2015) , and Zhao et al. (2015) . All these four studies point that relative per capita CO 2 emissions in China based on either provincial data or all sectors are converged from 1990s to 2012. Our study is consistent with those of Aldy (2006a) and Ye et al.
(2017) that they found strong evidence of divergence for the whole sample and some evidence of convergence for the OECD countries sample.
For only five out of 18 countries, our study finds stronger evidence in support relative per capita CO 2 emissions convergence. The CO 2 convergence means that the markets can equilibrium actively and the policymakers can stick to current policies, and this means that the policymakers can reduce carbon dioxide emission rigidly according to the difference of emissions amount in Australia, Brazil, Canada, Germany and India. Regarding the divergence economies such as Argentina, China, France, Indonesia, Italy, Japan, Mexico, Saudi Arabia, South Africa, South Korea, Turkey, the UK and the US can take some measures to reduce emission amounts to release the burden of massive usage of fossil energy and to adjust economic instruments. Policy proposals in these countries must reexamine the existing carbon-reducing policies and propose some reasonable suggestions to obtain sustainable development (Sun et al., 2016; Ye et al., 2017) .
The non-convergence in these 13 countries also shows that the global energy system is not mature enough to incorporate internationally implemented, common policies and strategies. As noted by McKibbin and Stegman (2005) that one of the major reasons for considering the existence of emissions convergence a crucial topic for researchers and policymakers is the ability for projections.
Environmental policies will be better formed if convergence (even conditional) did exist. Based our empirical results, the projection for these 13 economies' CO2 emissions (i.e., Argentina, China, France, Indonesia, Italy, Japan, Mexico, Saudi Arabia, South Africa, South Korea, Turkey, the UK and the US) cannot be estimated with precision. As a result, the policies should also be country-specific and will depend on the socio-economic characteristics of each country (El-Montasser et al., 2015; Ye et al., 2017) . For the other five countries such as Australia, Brazil, Canada, Germany and India where relative CO 2 emissions converge and this implies the existing policies in these five countries are rational. The policymakers of these economies can continue with their current carbon-reduction policies.
Conclusions
By making use of the Quantile Unit Root test, this paper investigates whether CO 2 emissions converge in G18 countries using relative per capita CO 2 emissions data over 1950-2013. While traditional unit root test results indicate relative per capita CO 2 emissions, do not converge among G18 countries. Results from Quantile Unit root test point out that strong CO 2 emission converge in Australia, Brazil, Canada, Germany and India (5 of the 18 countries). Although we do not find strong relative per capita CO 2 emission converge in the other 13 countries (i.e., Argentina, China, France, Indonesia, Italy, Japan, Mexico, Saudi Arabia, South Africa, South Korea, Turkey, the UK and the US), the relative per capita CO 2 emissions did converge in certain quantiles for some of these 13 countries. Our study has important policy implications for the governments of these G18 countries to implement the effective energy policy to reduce the CO 2 emissions.
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